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Axial Performance of Spectacle Lenses'
Francis E. Washer

The meagured values of the axinl meridionsl

The gpherieal refrective powers rangs from 47,
of Q.00, 1.0, and 2.00 dioptera. The dapartures of the messu
Thedprobable errora of messurement ere discussed. A set of tolerance values ia
the degres of cum]l:}lia.nn:-s with these suggeatad tolerances i showm.
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1. Introducticn

For a number of years, there has been rvidence of
8 need for a performance standard for spectacle
lenses. Various organizations have from time to
time attempted to formulate standerds relating to
the quality and performance of spectacle lenses.
Moany of these standards are quite d, but they
frequently differ in the magnitude of the suggested
tolarances, which tends to confusc the user,

Bacause of the lack of agreement and incomplete-
nese that prevailed among existing standards, the
Natienal Buresu of Standards wes ssked by the
Veterans’ Administration to assist in the preparation
of specifications for use in the purchase of spectacle
lenses. In the course of the work leading to & spaci-
fication based on performance, the axial and marginal
meridional powers of 311 spectacle lenses were
meagured [1, 2].2

On account of the evident interest in spectasle-lens
performance and particularly in the preoper magni-
tude of the tolerances in axial power that may be set
in future standards, it seemsz worthwhile to report
the measured values of the axial powers of these
lenges. Analysis of these results shows that lenses
are alrcady being made to guite clozo tolerances,
In addition, the values obtained for these lenses can
be used to determine the suitability of any set of
tolerances of axial power that may be specified.

2. Selection of Lenges for Measurement

. The =election of & series of spectacle lenses for use
i praparing & set of tolerances 12 not o =imple matier.
There are so many varieties, each designed for &
specific usc. These inelude single-vision, bifocal,
and trifocal lenses: also glasses that give best over-
all (Feriomnance when uzed in viewing distant objects
and those that give best performance when used for
near objects. In addition, for & single type there
are & greal vumber of steps required to cover the
entire range of powers. For example, for lenses
having spherical power only, thers are 41 possible
lenses to he congidered, if one proeeeds from a power
of 420.00 to —20.00 diopters in l-diopter steps.
For sach halving of the aleps, ithe number to he con-
sidered is doubled, 2o for Y-diopter steps, tha total
numhber iz 161,

1 Thia wack was |'I';u'ﬁrmd [n connecélnm #with & researeh propeet aponoored by

L Virersns’ Admisptration,
¥ Figtirey i braskels Todicsts the ltarsture raferenceg at the and of this paper,

werd for 311 spectacle lenses are ceportad.
o — 2.0 diopters with oylindrical powere

from the nominal velues are

Theda=

ohs for the proposed toletAnes tAng: Are given,

1f lenses for aaty tie correction are also included,
the number of different lenzes to be considered are
increazed enormously.  Because of the impractica-
hility of mensuring the performance of a representa-
tive number of all available lenses, it was early
decided to limit the scopn of tho investigation fo
cover lenses used for distant-vision only. The
number was Turther reduced by deciding to measure
cnly the t called ecorrected ophthelmic lenses.
A corrected ophthalmic lens is an ophthelmic lens
Laving the tota! spherical and cylindrical powers
divided batween the front and rear surfaces io & man-
ner that minimizes’ as far as practicabls, the differ-
ences betwean powers measured at points in the peri-
pheral region and the optic axis [3]. Leneres of this
nature are known to the trade as members of a
“eorrected curve' seriea.

Under this limitation, the renge for study was
accepted 82 belng from +7.00 to —20.00 diopters.
In order to reduse the number t¢ be studied still
further to some practicable fipure, percentage-of-use
tables prepared by the Veterans' Admimsiration
worn studied [4]. A recent version of these poer-
centapga-cl-usa tables is shown in table 1. Om the
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bagie of these studies, the major number of lenses
ware selected having sphencel meer renging from
4700 te —6.00 diopters and cylindrical power
ranging from 0.00 t0 +2.00. The number salected
outside Lhis range is smell but iz pechaps sufficient
to indicate probable performance.

It also seemed desirable to make messurements on
more than one lens of & piven power. To achieve
Lhiz end, len=es of identical powers were purchazed
from five different menufacturers, Some power
combinations were not readily avsilable from each
of the fiva, but generally, at least three makers were
asble to do s0. The final tohal of lonses that were
messured was 311, comprised of 3 to 5 lenses in each
of 68 power combinations.

3. Nomenclature

In the early days of epectacle making, spherical
surfaces only were ussd. After the existencn of
astigmatism in tha cyes of certain paople suffering
from poor vision was eetablishad, it wa= found that
the combinalion of spherical and cylindrical surfaces
on spectacle lenses resultad in improved vision
particularly in the axial region. Bacause only
spherical and cylindrical surfaces were used, the
custom aroze of describing or preseribing such
lenses in terma of spheres and cylinders.

With the advent of toric surfaces for the correction
of astigmatism over a wide vista, the practice of
preseri inﬁ epectacles in terms of spheres and eylindars
might well have becn discentinued. However, the
practice still persists and fequently leads to mis-
undersianding becavse & given prescription can
useally be written in two wavs, For ozamiple, »
given prescription can be written presceibing a posi-
tive sphere and with & posilive cylinder or as s
larger posilive sphere with & negetive cylinder,
The process of changing the lens preascription from
one form to another equivalent form is ealled
tranaposition.

When the study that finally led to the proparstion
of a performance specification for the \gtarans’
Administration was initistad, it soon became evident
that it was much simpler to describe the performance
m terms of merdional powera, Thers are two
principsl meridional m&m for an astigmatic lena,
and aquivalent cylindrical power is priven by the
simple dilference of the two princips]l mendional
powers, Actunlly, when using this concept, the
power of & lans is cempletely specifiad by piving the
values of the two principa) meridions]l powers. The
advantage of this method is still more evident when
one i3 comparing measured performence in the
paripheral ragion with that in the axial region.

In the course of thia study of spectacls perform-
BOce, Measurement, analyzes, and reporting of resulis
have been done in terms of the meridional POWErs 80
as to mvoid any possible ambiguity. However, as
the terme spherical and eplindricol power are in gen-
erel use in the prescribing of lenses, & summary of
the relations connecting meridional powers and the
nsunl prescribed powers is given below.

Ve=0nn of the principal meridional powers. It
i given hy the sum of the prescribed
spherical and prescribed  cylindrical
power. It 13 the maximum meridional
power when the prescribed powers are
positive.

Hp="The second principal meridicnnl power. It
iz usually the same as the spherical
power. It is the minimum meridional
power when the prescribed powers are
positive.

Cp="Froseribed cylindrical power. It is the
difference between the prineipal merid-
ional powers and is given by the relation
sz p_HP.- .

Vo=Measurad valus of one of the meridional

wers at the opticsl center of the lens,
EJ is the measured power for vertical
linea.

Hy=Xeasurad value of the second nicridional
power at the optical eenter of the lens.
It ia the messured power for horizonal
lines. (In the sabsence of eylindrical
power, VG=H0.:|

7, =Tha meazored cylmdrical power at the op-
tical center of the lens. It is ohtained
from the relation, o= Vo— Ha.

3.1. Additional Relations

The following formulas are used in computing the
departures of the measurad values from the specified
values for the axial regton. The values Vi, Hp, and
(’r are derived from the nominal prescribed powers.

AVa=T1,—Ve
AH,=H,—Hx
ﬁ(jo: Co—‘gp.

Figure 1 is & schematic drawing showing the two
rincipal meridisns in which measurements ars mada.
E‘ur convenience, the lens is always so oriented that
Vy—H; >0, which is equivalent to limiting the study
to lenses having zero or positive cylindrical power.

CYLINGER wirk

Freune 1. Schemetic drawing showsng fha g principal
wmeridiarns it which messuremenis gre made.

Por sonrembenes, the ko b aloes an orlenked st Vo—ITa2 0, whikih 15 sqiive-
et o Imiting the stody to Tensss haviie néiie oF Poddilng 01nArisal poorer,
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4. Method of Measurement

The powers of all lanses were measurad on standard
vertex power-messyring instruments.  Instruments
of this tvpe are actually calibrated to rend meridional

ower directly, which provides sn additional renson
or recording and reporting the results of measure-
ment io terms of meridional power. Before begin-
ning the artual messurement of the various sampls
lenses, the instruments were calibrated with the aid
of & series of standard lenses whoss powers had been
carefully determined on & wisusl optical bench.
These standerd lenses were used from time to time
during the conrse of the Investigation to make certain
that no inaceuracy of the vertex power-mensuring
inastroments had developed. In addition, an ex-
tended study of the spurces and magnitude of possible
errors was made before procesding with the main part
of tha work. This study is presented in some datail
in the following section.

4.1. Variation in Axial Power for One Observer

Whan making a mensurement of dioptric power of a
spectacle lens with vertometer, lansomater, or similar
mesduring insttument, it 1% usual to firat set the zero
in accordence with the manufacturer’s instroctions,
The lens to he mensured is then properly positioned
in the instrument and a eatting for best focus made.
The measured power iz then read divectly from the
calibrated drum. Sevcral sources of variation in the
reported power are ab once apparent. First, tha
mn]g]'e thmu.gll: which 1he tarpst reticle can be moved
without marked deterioration of the ohserved image-
ry is appreciable, so that the observer must attompt
sefting the reticle in & mean position and trust that
he has gone neither too far nor not far enough.  For
best results, it appears desirable to pass completely
through the region of good focus, reverse and pass
back through it, then approach apnin, stopping st
what is believed to be the optimum position. To
reduce systematic errors by a single ohserver, it is
preferable that the drum always be rotated in the
same direction in the approach to the final setting.

In order to give an idea of the magnitude of the
variation posaible from this depth of focus effect,
messurements were made to determine the range of
setting posdibla with tolarable focus. The values
obtained are shown in table 2.
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In msaking the observations, shown in table 2,
sevargl Jonses were golecied at random to cover the
central region of the instruments range. It is clear
that if the observer maintains the same criterion and
saine direstion of drem metion, he will get approxi-
mately the same value for sither manner of setting,
For example, the measured power for the lens with
norminal power four is given by either

4.13 —0. 10=4. (3 diopters
or
4. 03— (0. 01)=4. 04 diopler,

Howaever, if reversed conditiens are used, then the
ineasred gnwer may range from 3.93 to 4.14 diopters.

A second source of varation ia the size of the mter-
val soparating individusl settings. For example,
when the smaller scale division is 0.12 diopter, esti-
mating the reading to the nearest hundredth is rather
difficult. Perhaps the best that can be expected for
guch an intervel is sn estimate between one-sixth
snd one-eighth of a seale division or approximatel
+0.02 diopter. For other regions, tha size of & scals
division iz grenter, and the error in the eslimate 1=
proportionstely greater,

4.2 Vaoriations in Axial Powor Megsurements jor
Three Obeervars

Becausc it was realized that the differences between
marked and messnred powers obsotved in the course
of 1his work might serve s a basiz in establishing
folerance for purchape specifications of spectacle
lanses, all possible precautions were taken to insure
gecuracy. Too mueh reliance, therefore, was not
placed on the findings of a single vhserver. Thers
exist elways possibilities of differencos in observa-
tional criteria among observers that may lead to
gystematle differences in results. There are also
possibilities of pross errers or mistakes when con-
sidering the results of a single observer, which are
usually detected when the measurements are re-
peate«f by & second observer because it 13 quite
unlikely that both will make the same error for the
game lena,

In order to determine the probable wvariations
among ohservers, the same lenses were measured on
the sume instrument by threc different observers.
Nona of the observers wag permitted to see the values
obtained by the others during the experiment. One
chserver completed hie work on the enlire series
hefore the next one started.

Table % shows the values obtained by each of thres
obzervers, identified as D, (1, and B, for a representa-
tive group of six lenses. The fourth line in each case
is the average value obtained nnd is the one accepted
as correct. ‘'The symbols Vo, Il and % signify,
rezpectively, the messured maximum and minimum
meridional” powers and the measured cylindrieal

vwer following the procedure set forth in section 3.
t 1= clear that the departure from the average iz
relatively small for each observer.
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TanrLw 3. Voluss of the arial powsra for & fenses obloined by
earh of 3 obeerverd (D, @, and B)
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Considering both of the above factors end ignor-
ing, for the present, possible systematic errors arising
from initial improper edjustment of the instrument
and from possible arrors of calibration, it secms
probable thet a single ohservar should be able to
repeat & given setiing within one-fourth of a scale
divigion. Two sottings are, however, necessary to
make a single power detertnination so the probable
error is increased by a factor of 1.4. The probakle
arror of a single determination by a single observer
may sccordingly be estimated ss one-third scale
divigion. For small dioptric powers, this means that
the probable error of & single determination iz 4+ 0.04
diopter. For higher dioptric powers, where the
aize of a acale division i= 0.25 diopter, this error may
reach £0.07 diopter, In meking the messurements
on the lenzes reported herein, the observers cuslo-
marily make five complete delertninations. The
spraad of the recorded values tend to corrobornte the
above conclusions.  Tha crror in the reported values
of dioptric powers should, of coutse, be appraciably
lgwer, 83 the arror of an average of five determing-
tions is less than half that of & single.
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An analysis was made of the results of measure-
ments on 36 lenses by 3 observers to determine
possibla observer bias or =ystematic error. Thae
results of this analysis are shown in table 4. De-
purtures from the averages were determined for each
abserver for each of the 36 lenses.  Ideally the sums
of the departures from nverages should total zero, on
the assumption thai although differsnt lenses nre
involved, the nature of the meastrements is essen-
tially the same. Actuslly thiz sum iz not zero, so
a small obwerver bias i3 indicated. The aversge
magnitude for each observer is as shown in table 4.
It 15 clear that for nonc of the observers does the
maghitude of the systematic error excesd 4001
diopter, which 1 frml,ically nﬁ]jg:i.bla, being of the
order of magoitude of one-tenth scale division. In
addition, the probable error of & single determination
was compoted for each observer and found not to
cxceed +0.02 diopter. Considering the small mag-
nitude of the observer bias and the probable error
of a single determination for each observer, it can
safely be said that the error of a determingtion of
Vi, ;I.;., or O will gencrally be less than +0.03
diopter.

TarLE 4. Sysfemakic errora it Vo, Hop and Cg for § obeervers,
B, 7, aud B, bosed on mensurements from 38 lenees
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To give a clearver view of the agreement among the
three chservers, table 5 shows a frequency distribu-
tion of the errorz.  For example, 10 the determinstion
of ¥y, the value obtained by obzerver D iz identical
with ¥, (the average for tho three oheervers) for 14
percent of the lenses. All of the obzervers aro
within +0.03 diepter of V5 for 80 percent of the
lenses, It iz clear from these ishbles, that the de-
terminations of each of the three obeervers are
within +0.03 dicpter of the acccpted average values
of ¥y, Hy, and €} for B} percent of the lenacs and are
within £0.01 diopter for 50 percent of the lensas.
The findings shown hare i table 5 tend to corroborate
the belief that & probabla error of a complete de-
tertimation for a singla ohasrver will generally not
excord +£0.03 diopter.
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5. Resulis of Measurement om 311 Spectacle
Lenses

The two prineipal meridional powera of each lens
were mensured by ench of three observers. Each
observer made five determinalions of each quontity
for each lena. The results of measurement for a
obgervers were averaged and the resulls are listed
in tables 8 to 12, For convenience, each table lists
results for the entire range of spherical powers for 6
single velve of the cy]mdrin:af powers. The two
principal meridional powers, 1, and Hy, are the only
quantities directly measured. The value of the
cruivalent cylindrical power i= given hy the differ-
ence between the corresponding values of ¥y and

A08088—34
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6. Establishment of Tolerances

In the establishment of tolerances for axial power
for spectacle lenses, two factors shoold be kept
conatemtly ih mind. First, the tolecrances should be
sufficiently large that lenses now made in secordance
with recognized good practice should not show too
high & lpe:n:mtaga of rejection, Becond, tha toler-
anees should be ps small ps practicable to insure
uniformity of ormance. In other words, the
tolerance should be such that if a user is supplied
with the nommelly correct lens or a lens at eithar

cxtreme of the proper tolerance, he i= not likely to
perceiva any c:hé erebice 1o the quality of vision.

6.1. Proposed Tolerances for Axial Powers

Following a careful analysis of the magnitudes of
the axial deviativna AV, Al and AL, a set of
tolsrances were sstablished for use n a purchase
specification {5). The tolerances decided upon are
epecified aa follows:

“The refractive power measured through the opti-
cal centar shall agree with the preseribod power to
within the following tolerances:

T'owers O theongh____ 800 L 008 diopter,
Powers 6.25 through_ 12 00 =+ 1 poreent of power.
Powers ahove _____ __ 12, {0 +0.12 dioper.

“Where cylindrical power 18 present, the above
tolerances sholl spply separately to esch principal
meridian of the lens and to the eylinder alone.”

_ The 014l range of powers coverad by this specifica~

tion is +0.00 to —20.00 diopters. It is prebable
that it can be extended 1o cover the range +20.00
ta —20.00 diopters.

6.2. Degree of Compliance With Proposed

Tolerances

The resulte of messurement made on the 311
lenses that are contained in tables 6 to 12 have been
considered with respect to these tolerances. For
clarity, the results of these considerations are shown
ﬁmphipa,lly‘in fipurce 2 to 6. In the graphs showing

cviations in meridional power, the abscissas repre-
sent vwolues of meridional power, V,, while the
ordinaies give the magnitude of the deviation, AV,
or Ay, for a_given value of Vy, The solid lines
bounding the horizontal zone in the eentral region
of the gra,'Eha are the tolerance lines.  Pointa that lie
outside thiz zona indicate departures from the
specified values in excess of tolerance. To avead
plotting a multiplicity of peints, only those points
are plotied where one or heth of & pair fall outside
wlerunce. For example, if for a given lens AV, is
greater than the specified tolerancs, the value of
aVo in }ﬂﬂtlﬂd‘un the graph and in addition the
value of AL, is plotted, whether it exceeds tha
specified tolarance or not. In order to show the
number of lenses complying, n bar graph is shown at
the bottom of ench frame. The toial number of
boxrs atb a given value of 17, corresponds to the total
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Fiavex 4. Degren of compliance wdth suggested folerances for
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‘The upper framas showa degres of complence fr the merldlote] powers and
the lowrer frame shaows the degres of oHnplianos for cylivdrlesl power.  Bores
oontaining an X In ihe bar graph I the Jowrer feame indbeils e som e of
lepea that somply fully with the requirsments for both mevldlonael and
aylindrlcal posrar.

number of lenses in the sample of the given power.
The nuntber of boxes conteinming en X is tha number
of lenses of the given power that comply: the humber
of empty boxes give the number of lenses hoving
valucs of AV, or A in excess of the sﬂmpusﬁd
tolerance. For example in figure 2, which shows the
degies of compliance for the prineipal meridional
powers ¢n axis for 72 lenscs having zero cylindrical

war, there ara & boxes nt 1,=6.00 diopters,
mdicating 5 lenses messured, 3 of which cotnply
with the tolerances for Vg and H,. None of this
group of 72 lenses showed eylindrical power in excess
of the tolerances, o no graph is given for AC.

The upper frames of Agures 3 Lo 6 show similar
results for lenses having cylindrical powers of 1.00,
2.00, 3.0, and 400 diopters. The lower Irames
ghow the magnitudes of the deviations in cylindrical
power AL for thr same lenses. Hers, too, only

those values ara plotted that sre in excess of the

tolerance +0.06 dioprer for cylindrical power which
i8 shown by the tolerance lincs on the graph,  The bar
graph at the hottom of the lowar frames comkbine the
results for both meridional and cylindeiecal power.
A box contmning an X m this praph indicates that
the given lens complies in full wath the tolersnces for
meridional and evlindrical power.
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It 1= interesting to note in these figures, that there
is only ona ingtance, (fp. 4, Vo= —18 I¥}, where no
gingle lens of & given group complies in full with the
tolerances, In all other cnses at least onse, and
generally two or 1nore comply in full which indicates
that these tolerances nre being satisfisd and can be
satizficd.

The d of mmglia.nce with the suggested toler-
snces 19 shown in tabuler form for the 311 lonacs n
tables 13 to 18. In these tables, the total aumber of
Jenses of & given power in each sample i3 given,
together with information on the nymber comp]yin%
in sach g]mse of the specification. At the bottom o
gach table, the percentage of lenses complying in
Vo, Ha, and Cp separately is given and finally the
percentage complylag fully in V,, H,, and Q.
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Taere 18, Degree of cosiplinmnes witk suggested requiremanis
Jor exial power for 16 Lensea huuinq meridionol powera — 1040
and —2.00 dioptars, and cylindricel powera of +5.00 and
+ 8.0 divpiers

The sammury in kbe Iower pork of the table showa the degres of otopHanes
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At first plance, the percent af len=es complyi
BEALIE 80 la%r that one E‘nighl; t,haglek the mIamnoeg iﬁ
too severs. There are, however, 2 number of factors
to be congidered that tend to show that the tolerances
are aminently fair. For axample, ile=e are not ro-
sults for lenses from a single source but from & variety
of souress.  In addition, these are not lenses ﬂ}i}ania]ly
made for this study but are representative of leanzes
thet are in routine manufactora. Consequently, if
only a single lenz of a given semple of 3 to 5 lenees
complies with the suggested tolerances, it signifies
that a lens of that power can be and iz being made
that will satisfy the suggested tolerances, Mareover,
from the graphs in figures 2 through 6, it is evident
that only minor adjustments need ba made in the
manufacturing procesz to bring many of the lenzes
now ouigide of tolerance within the beunds of the
aupposted tolarances. In connection with this view,
it 1= noteworthy thet of all the 68 eombinations wsed
in this study, only ona failed to have a singla member
of the aampie comply. This is the sampls, where
Vo=--18.00 and Cp=2.00 diopters. It iz probahble
that lenses of this combination can be made that will
+t;~f:m:l]l:llj,7 with the tolersncss. Inesmuch as at least
one lans in 67 out of 68 aamples complied with sug-

ted requirements, one can say that with present-
ay routine manufacturing techniques, there is po-
tentially & 98-percent degree of complisnce.

The degree of complisnce ought also to be con-
sidored with respect to the expected percentsge of
uea, which is shown in table 1. For lenses having
zero eylindrical power, the expected percentage of use
table indicaies that 91 parcent of thess lensss wall
have powers ranging from +4.00 to —4 00 diopters.
For lenses of powers, table 13 showa that 42
out of 45, or 93 percent, comply. For lenses having
cylindrical power 0.25 to 2.00, the expected percent-
age of use in conjunction with apherical power from
--4.00 to —4.00 dioptars is 83 percent. For this
renge, tabla 14 shows 41 out of 45, or 91 percent,
mmpiyin.g end tabla 15 shows 40 out of 44, or §1

percant, complying. It is sccordingly elear that in
the ranges ufp OWErs cOmmorly uasg approximately
90 percent of the lenses as presently made should
comply easily with thess tolerancas.

6.3, Dupth of Focus and the Proposed Tolerances

In preparing & tolerance for sxial power, it is
proper to consider factors other than degree of com-
plisnce of existing lenses. Some thought should be
given Bs to tha probahle effect on the vision of the
uaer, if it is asswmed that the lens has been correctly

rescribad, properly positiomed, and is affected only

v disparitios arisin ?rom deviations of the messured
from the prescribed power. With this in mind,
brief study was made to determine itude of the
varietion in power of the viewing lens that would still
permit s fised eye to resolve discrete objects sepa-
rated by 1 minute of are in 1he object apace. is
figure of 1 minuts of arg is the angular width of the
lines in the latters of vision-testing charts, which are
just legihia to 8 person of mo for 2020} visien
when viewed under standard conditions,

The computsation of the magnitude of the permis-
gible power variation was done in & menner closely

aralleling that uesd in determining depth of focus
or a lens, with the exception thet the variation is
axpressed as change in dioptric power of the viewing
lens rather than as displacement of the focal plane
in the i space of the viewing lans. The final
resulta are shown 83 eurve 1 infigure 7.  In tha figure,
both the positive and nagative valuea are plotted sn
that the space separating the two branches 1z a
mensure of the total e of variation of dioptrie

war of the viewing lens for which the limit of Teao-
ution is 1 minute of arc in the object space. It is
clear that range of variation or depth of {oous i= least
for the high positive powers and incremnses stesdily
88 one moves from the region of high positive power
to the region of high negative power.
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Fieose 7. Curves aMwa.n? depth of focus ¢n dioptric power
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The depth of focus was mlso determined experi-
mentally by photogrephing test charts throuph the
apectacls tester st a serics of settings throngh the
region of facua. The results of theso measurements
are shown in the eurves marked 2 in fgure 7. Al
though there i= & pronounced difference between
curves 1 and 2, it is not particularly alarming so far
aa purposes of the present discussion are conecerned.
It must be remembered that cerve 1 ehows the depth
of forns for an ideel lens, wheress curve 2 shows the
depth of focna for an actual Iens that is not free from
aberrations. It is probable that further study would
lecate the ecaypses of the dizerepancies. The prime
thing t& remembar is that both of these approaches
indicate the axistenca of vpper linnits on lens toler-
ances or depth of forus, if one wisles to maintain a
given level of vision.

The suggested tolerances, discussed in soction 6.1,
are also shown as curve 3. It is clesr that these
tolerances are atb all times within the range covered
for curve 2, (the resulta of experiment} &nd extend
beyond the range eovered by curva 1, (the resulis of
theoretice]l computation) in the cese of high positive
powers. [t rnust be borne m: mind that eurves 1 and
2 delineata the axtreme ranges for which l-minute
resclution is possible, and that it is probable a reason-
able level of contrast for the distinguishing of eloss
objects will be maintained over about 0.7 of the total
renge indicated by curves 1 and 2. It is, therefore,

cleer that the suggested tolerance range agroes closely
with the range derived froma both theoretical and
experitnental eonaiderations. It is also evident that
any marked incresse in the snggested tolerances may
result in reduction of the imege guality for & user
who happens to obtain a apectacle lens for which the
variation of the actual frorn the preseribed power i=
near the limit of the extended iolerance range.

The author expresses his appreciztion to members
of the staff for sssizience rendered doring this work.
The measurcments herein reported were made by
Walter B. Drarling, Nancy Greeowood, Paul V. Bar-
rans, and Loyd B, Button,
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